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12  Gene  transfer  using  Starburst™ 
dendrimers 

J.F.  Kukowska-Latallo,  A.U,  Bielinska,  C.  Chen, 
M.  Rymaszewski,  D.ATomalia  and  J.R.  Baker,  Jr. 


Chemistry  and  characterization  of  dendrimers 

The  new  class  of  synthetic,  highly  branched,  spherical  Starburst™  polyamidoamine 
(PAM AM)  dendrimer  polymers  is  unique  in  structure.  These  molecules  are 
uniform  in  size  with  a  high  density  of  charged  primary  amino  groups  restricted  to 
the  surface,  as  well  as  being  highly  soluble  and  stable  in  aqueous  solution.  The  major 
structural  differences  in  PAMAM  dendrimers  relate  to  the  initiator  molecule,  either 
ammonia  (NH3)  as  trivalent  or  ethylenediamine  (EDA)  as  a  tetravalent  core,  that 
starts  the  stepwise  polymerization  process  and  determines  the  overall  shape, 
density,  and  surface  charge  of  the  molecule.  With  each  new  layer,  or  generation, 
the  molecular  weight  of  the  polymer  more  than  doubles  and  the  number  of  surface 
amino  groups  exactly  doubles.  Dendrimers  range  in  size  from  10  to  130  A,  with  each 
polymerization  step  adding  approximately  10  A  to  the  diameter  of  the  molecule.  At 
least  10  generations  of  both  types  of  PAMAM  dendrimers  (NH3  and  EDA  core)  can 
be  synthesized  (Tomalia  et  ai .,  1990).  Each  final  dendrimer  preparation  is  purified 
using  ultrafiltration  and  structurally  characterized  using  a  number  of  techniques 
including  electrospray-ionization  mass  spectroscopy,  13 C  and  lH  nuclear  magnetic 
resonance  spectroscopy,  size  exclusion  chromatography,  capillary  electrophoresis, 
high  performance  liquid  chromatography  (HPLC),  and  gel  electrophoresis 
(Tomalia  et  al.3  1990).  Starburst™  PAMAM  dendrimers  are  identified  using  a 
standard  nomenclature;  for  example  G10  EDA  is  the  10th  generation  of  an  EDA 
core  dendrimer.  PAMAM  dendrimers  are  currently  the  only  class  of  dendritic 
macromolecules  that  are  reliably  produced  in  large  quantities  and  that  can  be 
precisely  synthesized  over  a  broad  range  of  molecular  weights.  The  defined  size, 
structure,  and  large  number  of  surface  amino  groups  of  PAMAM  dendrimers  have 
enabled  polymers  to  be  employed  as  a  substrate  for  the  attachment  of  antibodies, 
contrast  agents,  and  radionuclides  for  applications  in  different  areas  of  biology  and 
medicine.  Studies  using  antibody-dendrimer  conjugates  in  vitro  and  in  vivo  in 
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7  VC  d0C"mented  these  COnJ'uSates  be  nontoxic  and  able  to 
targetbiological  agents  to  specific  cells  (Wiener  1994;  Barth  etai,  1994). 

amLo^rouns  Tf  that/AMAM  clendrimers,  with  defined  numbers  of 
:  r  n  7  SUrfaCe,and  P°sltiveIy  barged  at  physiologic  pH,  interact 

with  biologically  relevant  polyanions  including  nucleic  acids.  Dendrimer-DNA 

2  mamer  Similar  t0  DNA~Poly^nc  complexes  (Behr 

archil  JlfLpo^r  “Cy  SiV"  the  hiSh  “d 

Transfer  of  genetic  material  using  Starburst™  dendrimers 

«n  1 ZnfZr* wT *  77?  TTTe  effident  delivefy  of  genetic  material  into  a 
cell  and  preferably  high  levels  of  expression  of  the  transferred  gene  Existine 

transfection  systems  that  mediate  efficient  transfection,  such  as  vLl  vectors  of 

ZXisP^remS  beCaUS6.0f  limited  carg°  sPace>  recombination, 
uta0enesis,  targeting,  immunogemcity,  and  inflammation.  Dendrimers  are 

strandeTnTni!:  &  T  “tf*®  ^  ddivery  °f single-stranded  and  double- 
stranded,  natural  or  synthetic  DNA  or  RNA  of  any  kind  and  anv  size  (Kukowska 

Latallo  etai,  1996;  Bielinska  et  al„  1996).  Several  models  of  gene  delivery  have  be^n 

undTf  USln§  fuT”  comPlexed  whh  reporter  plasmids,  containing  genes 

of  the"  cell  Th  7?  Promoters>  and  respect  to  specific  biology 

of  the  cell.  The  reporter  genes  included  chloramphenicol  acetyltransferase  (CAD 

fg?  aCt0SI  aSC  <'^gaI)’  !uc‘ferase  (luc),  or  green  fluorescence  protein  (GFP).  Most 
of  these  vectors  can  also  be  used  to  determine  the  cellular  localization  of  the 
expressed  reporter  gene  product  in  vitro  and  in  vivo  (/3-gal,  CAT,  GFP). 

In  vitro  gene  transfer 

In  vitro  gene  transfer  using  synthetic  dendritic  polymers  has  recently  experienced 
rapid  growth.  The  efforts  to  understand  the  structure  of  the  DNA-dendrimer 

this* ^ech nolo erv  7 ^  7™’^°"  are  crucial  expand  the  application  of 
this  technology  to  e.t  vivo  and  in  vivo  approaches.  Dendrimers,  like  all  nonviral 

vectors,  induce  condensation  of  DNA  and  may  share  some  other  features 

aid  M  7  t0 ‘ransgene  expression  from  the  nucleus.  Natural  polyamines 
nd  polylysine  have  been  known  to  condense  DNA  into  toroidal  and  rod-like 

1995  nnSOdiated  Whh  transfection  eapabilities  (Boussif  et  al., 

’  Remy  H  taL’  1995)-  Dendritic  polymers  have  an  increased  overall  ionic 
interaction  with  DNA  compared  with  natural  polyamines  polylysine  and 
liposomes,  and  produce  very  stable  and  highly  soluble  DNA  comple^  ’ 

Formation  of  a  DNA-dendrimer  complex 

S fvmZ!fd  t Cdk  iV=°m<’os5d  of  '“O  components;  .  dendritic 

polymer  and  DNA.  The  proportion  or  each  of  the  components  can  be  optimized 

for  a  particular  application.  Binding  and  condensation  arc  based  T.he 
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dendrimer,  the  concentration  of  the  DNA  and  th*  n\T a  a  a  •  ,  S12e  0t 

used  (Bielinska  et  al  IQQ^  'ru  ’  d  ™  D^A*dendnrner  charge  ratio 

ea  ^lennska  et  al.,  1996).  The  appearance  of  DNA-dendrimer  comnlL^  nn 

=SSH°S£S£SSS 

excess  ofnosirL  (A  a  ,(4®7  kDy  Complexes  formed  at  a  fivefold  to  20-fold 

df^'d^  m^er'a,'  ^P'm^ndbg  to^he'^^^^the^NM^pro^Mted  agthnst 

txtTSn  !c«  "ir;  tr  “  «z*££z, 

LtSSSE  inMraC,ti0"  b"~  ,h' 

important  detertninan,  of  the 
protected 

fvh  1  Tferand  expfressi0n-  At  Present>  preliminary  in  vitro  studies  indicate  that 
le  the  initiation  of  transcription  fromT7  or  CMV  promoters  (using  either  T7 

DNrtoradendeUCary0tv  P°lymerase  n)  can  be  inhibited  by  complexing 

Ssssss  rfe"y  “*•  - 

— sssssiE 
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Plasmid pRSVLuc DXAbefore amlTftercoa Pjasm'd  D*A  complexed  with  a  dendrimer 
ratio  was  incubated  with  EcoRI  restriction  endonuclfase  f  "drimer  at  1:5  ch^ge 

containing  nucleases  from  U937  lymphoma  cells  A  fu^rr D^ascI.nuc  ease  or  cellular  extract 
D.NA could  be  dissociated  from  the  dLdrimef usYnA"/  SHR  WKS  WUh  °5  EDA>  Plas™d 
complexed  with  the  dendrimer  (+  lanes)  it  YY  fnlK  SDS' Whfnever  plasmid  DNAwas 
specific  restricfion  endonucleases  and  its  integrity  was  iY0teCt^d  aSamst  degradation  by 
nonspecific  cellular  nucleases  were  employed  af  shown  hv  rT°j-  f“  preserved  even  when 
gel.  Formation  of  DNA-dendrimer  complexes  at  '  h,  Um  bromide  Gained  agarose 

provided  incomplete  protection  from  nuckase  activity  (^  Jno^hown)^  ,:l  <U  3:l> 


^ - J  uv.u»t  HI  iransrection  and  e\nrp«inn  Tk  .  r  . 

active  particles  appear  to  constitute  less  then  10%  of  th  transfect,onally 

although  the  nonactive  complexes  may  unde  r  u  C°mPlexed  DNA> 

culture  medium  or  when  associated  ->h  .7°  Urther  alteranons  either  in  the 

efficiency.  The  optimized  proportion-  f'  !T  S’  ^  yield  a  hiSher  transfection 

positive  charge  in  the  complex  mav  f  C°r|lponent  lncJicate  that  an  excess  of 

phospholipids  in  the  plasma  membrane  of  ffie  Til  ^  ^  ne§advely  charged 

that  by  decreasing  the  DNA  to  dend  ’  C  ur  unpublished  results  suggest 

«r  rT  ^ 

generation  of  more  soluble  and  lower  densit  DN“:f°d  y  US'’  ‘h' 

Dynamic  light  scattering  of  DNA-denonmer  n  7  i  dendnmer  structures. 

populations  with  diameters  ranging  from  20  nm  to^OO^3  7^^  P°lydisPersed 
and  distribution  of  the  complexes  depend  on  DNA  *“*  ^  The  sizes 
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Mechanism  of  intracellular  delivery 

wru:  i _ . .  „ 


expression.  This  is  particularly  true  ofthV,  .  T?”*  to  S<™ 

entry  ofgenetic  material  into  the  cell,  transit  from  !hfr  ?  T  UptakC  and 

the  dissolution  or  possible  relaxation  nfth  i  ^t0Plasm  t0  the  nucleus,  and 
events  is  crucial  for  optima  Understanding  these  ‘early* 

dendrimer  complexes nT2?,H  ? T$  °f  transfection-  Cationic  DNA- 

Hpids  on  the  cell  membrane  and  triggeTeithe^Tponm^eo'115  phosph°- 

plasma  membrane  disruption  The§need  for  «„P  7  endocytos,s  or  direct 

DNA  phosphates  in  the  complex  supports  thi,  \  u  °U?l0nic  <*«*«  over 
plasma  membrane  can  also  be  achieved  I  mA®'  with  the 

positively  charged,  high  molecular  w  -  l  ,•  1  A  comPlexes  formed  with 

and  polyethylenimine  (PEI),  althougZothZth™110^71  ^DEAE)'dextran 
cytotoxic  (Boussif  ^  al  1995)  Tr*r  ^  u  comPounds  are  highly 

DNA  and/or  dendrimer  ItcoZf  ^  T*"*™  radi°>Zed 
plexes  in  most  cells  are  internalized  thr  !"  ^  ^  majonty  of  the  com* 

Preincubation  of  cells  with  inhibitors  of  Z  a°  en^y'dePendent  endocytosis. 
specific  inhibitors  of  ZomosL 2  deox  "  Hke  S°dium  azide>  or 

enhanced  uptake  of  the  DNA-dend  '  ^  UC°,Se  ^  cytoctlolasin  inhibit  the 

.ype  being  Ltd  ceil 

complexed  DNA  must  reach  the  n»eln  fi  °rder  t0  be  exPressed  the 

min  confirmed  that  translocation  to  thT  e.xpyession  wi.thin  the  initial  30 

advanced  uptake  up  to  3-6  h  (Figure  123)C  hZ0  P  Z  3°  min  with  an 

events  that  mediate  this  translocarionV  ^  u  uT^’  ^  moIecular  a"d  cellular 
various  cells,  as  reflected  by  the  levels  nfemam  ,lgh  y  ■ speculative  and  may  differ  in 
escape  in  this  process  is  thought  to  be  ’  eXpressi0"'^he  r°le ofendosome/lysosome 

endosomal  acidification.  Another  nltentl  a  l  Z  r  h  hlorociulne  wh*ch  inhibits 

(with  protonable  amines)  is  its  abilitv  F°  6  or  a  positively  charged  dendrimer 

acidification  of  the  end^nL, “  * ^  Le^DNWl  barn<!  *"* 

may,  therefore,  be  the  result  nf  an  „  k  1  ,  .  A  release  from  the  complex 

acids,  proteoglycans  natural  Dolvam’ °  Z  ani0nic  cyt0Plasmic  ribonucleic 

active  cells  show Since mitotically- 
translocation  of  exogenous  DNA  to  TheT  °i  lntr°duced  Senes>  the  majority  of 

division.  In  principle  tracing  anv  unt  A  k “  °CCUr  durinS  ^tive  cell 

complex  is  hampered  by  the  fact  Lt  DroZ^3™  °f  a.Catlonic  Polymer -DNA 
that  interacts  with  a  ce  l  ls Tnvl £ r°babKly°nlyjamimmalfracd°noftheDNA 

majority  of  the  tranZln  compl Z  ** 
transfection.  ^  nonproductive  in  in  vitro 


genetransferusing  starburst™  dendrimers  247 

Cell  transfection  with  dendrimers 

pn.,  activation,  expression  in  Jurka,  ceIls  a,  f8  “  Lns K?(£, ™  !f 
significantly  improved  expression  and  the 

p^r^e;i=^^SEr 

ke-s£EF 

andLrat" 


:  -  -U': V  - 

c  Hcjy 


complexes,  visualized  throueh  autoradi,-,oT,„h„  ,  P  ,  COS'1  fit>r°blast  cell  line, 

and  throughout  the  cytoplasm  (A),  and  Lund  thLeLLlLLLLLTh ’’  mCmbranef 

“  a,»  — ^  v 
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o>  40000 


DNA  alone 


LipofectAMINE 


DMRIE-C 


pcfiVI VLuc'pl a” mid  “H  Hne  with 

chloroquine  (striked  °f  5°  ^ 

involvement  of  endosomes  in  the  internalization  of  the  complexes  ’  SUggeStmg 


dendrime0rsantiSenSe  rCgUlat°ry  nucleic  using 

One  of  the  major  problems  with  the  use  of  antisense  regulatory  nucleic  acids  is  the 
difficulty  m  achieving  their  functional  concentrations  in  cells  and  subsequ"nt  r^d 

uoSkfis00  m°leCules  by  cellular  releases.  The  low  efficiency  of  cellukr 

“ptake  is  usually  compensated  through  the  use  of  a  7  °  ^ 

«p^7b“,  “ 

0irf"''“,td“  °r  cDNA  plasmids  can  be  completed  with  the 

2£ rnS“o„fre‘rly  m k  °“n- 

M,  Sin,  Tfr '  8'"'  W'r'  devd<,P'd  dendritners. 

of  teehne  1  ”  “  s  TT’  “  '  ‘“k™'  S“'  ^  inhibition 

baseline  Inc.rerase  activity  ranging  from  30  „  60%  dep„di  „„  ,h,  DNA 
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two  d  i  fibre  nt  gener  a  do  ns^ of  dend  r  hners^  CE7 'ancf  G9*  EDA)  ‘ymph°macells 

ratios  and  commercial  lipid  (Lipofectamine™  and  DMRIEC^  tr  'i  t™5'  °fcharSe 
was  augmented  with  50  £m  chloroquinT  striped  barsf  ^  CXpreS$ion 
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expression  and  was  cytotoxic  to  the  cells  j  °'  lmpr0VC  tran5fectI0n  and/or 
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DELIVERY 

deadrimer  comply'  Bindlngtf ^0^^^  d^  **“  rati°  of  the  DNA- 

a'so  extended  their  intracelfular  *°  dend™- 

concentrations  of  oligonucleotides  needed  r„  f  5’. 1996)' In  contrast  to  the 
(Bennett  et  al.,  1992;  Colige  et  aAlQ^Cn  1°*  .in^ltlon  sported  by  others 
specific  inhibition  of  targeted  gene  expression “  ’  19  9  ^  WC  have  achi«ved 
nucleotides  when  delivered  with  dendrimer-;  s  picomoles  op  specific  oligo- 
ohgonucleotides  was  not  affecS ^t^^ 

dendritners  were  not  toxic  to  cells  in  the  1  ^  ^  dendr™ers.  The 

Complexing  antisense  DNA  with  dendrim^^'T5  f°rgene  transfer, 

complexes  that  was  sequence -and  car Her  d  T  ^  *  effident  ddivery  of 
to  in  vivo  applications^f  regulatory  nucleir^^’  and  could  potentially  lead 

In  vivo  gene  transfer 

using  dendrimers. Varying  Amounts  tQtf  of  m  VIV°  gene  delivery 

generations  of  dendrimers  have  been  def^d  ^  COmplexed  with  different 
nasally  or  directly  into  trachea  Sict  sTd  "  T"  ^  m  lua5- 
revealed  no  lung  inflammation  or  Dn,,  Studles  and  pathology  examination 
delivered  as  a  complex  with  dend  •  P  umomtls-  Long-term  survival  of  DNA 
reaction  (PCR).  The  PCR  am  Iificat1^  was  confirmed  using  polymerase  chain 
with  isolated  nucleic  acids  from  the  ti  me  Tjjln S?  ^  1Ung  homogena* 
plasmid  was  delivered  into  the  luna  as  a  co'rlll  ^  detected  °nly  when 

detectable  PCR  product  in  the  lune  of  anirrM^h'1''  endr,mer  and  there  was  no 
(Figure  12.7).  Semi-quantitative  PCR  of  "  ' received  plasmid  DNA  alone 
indicated  that  complexing  of  plasmid  dS  T‘a  ^  lu°g  tissue> 

Copurified'pbsmid  DN^remained  expm  ^  u' 

Prospects  for  the  future 

the^etc^nc;  rraS^of^^  ofStarburst-  dendrimerS  to  naediate 
lines  «  rifc,  Thebck  of  o2  y  1™  “  a  ^  <* -caryotic  cell 

dendrimer  complex,  and  ehc  pottw  Z  Z"  °f  DNA' 

manufacturing  procedure  conditions  suggest  that  this(ra  '!,m?tenal  nnd'r  S°°d 
“'ful  for  in  mo  applications.  1„  vici%f  ,he  trV?i.  "  m"h^  may  b' 

"" ,994)' k  i!  possi“' ,hat 
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H20 
Day  21  ONA 
Day  7  complex  l:io 
Day  14  complex  1:10 
Day  21  complex  1:10 
Day  1 4  complex  1 :5 
Day  21  complex  1:5 

Plasmid  ONA 


PBS  21 
Day  1 4  DNA 
Day  21  DNA 
Day  14  complex  1:10 
Day  21  complex  1:10 
Day  1 4  complex  1 :5 
Day  21  complex  1:5 
Plasmid  DNA 


21SdUay!  aftL of Jnv ?  fr°m  m  'UngS  at  7>  14>  and 

dendrimer  at  indicated  charge  ratios  T^ff  ?  f  “mplexed  with  G7  EDA 
(amplified  in  30  cycles)  identifying  diff  P  C?  of  tur°  dlfferem  size  PCR  products 

«4«d  b.,w ddiv'rei  »'r:d  DNA  ™s 

(controls)  and  the  animals  that  received  DNA-dendrim*  n0nc0IjnP  plasmid  DNA 

and  p,“”d  dna  — *  .Ms 
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DNAA,0ne  0NA/G7 1:5  T  DNA/G7,:10  ‘iSOpgplucO^ 


p,  - 

usb^  DNA  temp Iat ^  !:  o  p  u r ifi ed  t rat ^ a n^1  DN  \  T™  .tran^iption”transla^°n  assay 
Plasmid  remained  copurified  pCMVLuc 

complex  with  G7  EDA  dendrimer  at  I  S  and  i.in  l  delivered  into  the  lung  as  a 

that  received  plasmid  DNA  alone  or  PBS  r  ,  \  rftlos’  compared  with  the  lungs 
was  included.  C°ntro1  pLuc  Plasmid  DNA  template  (150  pj) 
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be  useful  in  targeted  gene  delivery  in  vivo.  This  could  enable  various  therapeutic  uses 
of  gene  transfer. 
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Bioapplications  of  PAMAM 
Dendrimers 

J.  D.  EICHMAN,  A.  U.  BiELINSKA, 

J.  F.  KUKOWSKA-LATALLO,  B.  W.  DONOVAN 
AND  J.  R.  BAKER,  JR 

University  of  Michigan,  Centerfor  Biologic  Nanotechnology, 

Department  of  Internal  Medicine,  Division  of  Allergy,  Ann  Arbor,  Ml,  USA 


1  INTRODUCTION 

Interest  in  dendritic  polymers  (dendrimers)  has  grown  steadily  over  the  past 
decade  due  to  use  of  these  molecules  in  numerous  industrial  and  biomedical 
applications.  One  particular  class  of  dendrimers,  Starburst®  polyamidoamine 
(PAMAM)  polymers,  a  new  class  of  nanoscopic,  spherical  polymers  that 
appears  safe  and  nonimmunogenic  for  potential  use  in  a  variety  of  therapeutic 
applications  for  human  diseases.  This  chapter  will  focus  on  investigations  into 
PAMAM  dendrimers  for  in  vitro  and  in  vivo  nonviral  gene  delivery  as  these 
studies  have  progressed  from  initial  discoveries  to  recent  animal  trials.  In  addi¬ 
tion,  we  will  review  other  applications  of  dendrimers  where  the  polymers  are 
surface  modified.  This  allows  the  opportunity  to  target-deliver  therapeutics  or 
act  as  competitive  inhibitors  of  viral  or  toxin  attachment  to  cells. 


2  DENDRIMER  SYNTHESIS  AND  CHARACTERIZATION 

As  outlined  in  other  chapters  in  this  volume,  Tomalia  ex  ai  first  reported  the 
successful  well-characterized  synthesis  of  dendrimers  in  the  early  1980s  [1], 
These  molecules  range  in  size  from  10  A  to  130  A  in  diameter  for  generation  0 
(GO)  through  generation  10  (G10).  In  the  ideal  situation,  PAMAM  dendrimers 
are  monodispersed  spherical  conformation  with  a  highly  branched  three-dimen¬ 
sional  structure  (Figure  18.1)  that  provides  a  scaffold  for  the  attachment  of 
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Figure  18.1 


multiple  biomolecules.  With  each  new  layer  that  is  synthesized,  the  molecular 
weight  of  the  dendrimer  increases  exponentially,  the  number  of  primary  amine 
surface  groups  exactly  double  and  the  diameter  increases  by  10  A  (Table  18.1) 
[2].  As  dendrimers  grow  in  generation,  the  subsequent  increase  in  exterior 
branching  density  begins  to  impart  various  structural  effects  to  the  polymer 
shape.  Lower  generation  dendrimers  (0  through  4)  manifest  a  flexible,  somewhat 
flat  shape,  while  at  the  higher  generations  (5  through  10),  the  congested  branch¬ 
ing  induces  a  persistent,  robust  spherical  conformation  [3].  Beginning  at  gener¬ 
ation  4  (ethylenediamine  core),  the  interior  of  the  dendrimer  develops  internal 
void  spaces  that  are  accessible  to  molecules  that  may  be  encapsulated  for  drug 
delivery  or  other  potential  applications  [4,  5].  Dendritic  purity  (isomolecularity) 
is  typically  around  98%  due  to  small  defects  in  branch  formation  during  syn¬ 
thesis.  These  defects  may  be  due  to  retro-Michael  reactions  or  intramolecular 
macrocycle  formation  [6].  Dendrimer  preparations  are  purified  using  ultrafiltra¬ 
tion  techniques.  Subsequent  structural  characterization  is  performed  by  a  numb¬ 
er  of  analytical  methods  including:  high  performance  liquid  chromatography 
(HPLC),  size  exclusion  chromatography  (SEC),  nuclear  magnetic  resonance 
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Dendrimer  generation 

Molecular  weight 

Primary  amino 
surface  groups 

Diameter  (A) 

0 

517 

4 

15 

1 

1430 

8 

22 

2 

3  256 

16 

29 

3 

6909 

32 

36 

4 

14215 

64 

45 

5 

28  826 

128 

54 

6 

58048 

256 

67 

7 

116493 

512 

81 

8 

233  383 

1024 

97 

9 

467  126 

2048 

114 

10 

934787 

4096 

135 

(NMR)  techniques  (JH,  13C,  15N,  31P),  electron  paramagnetic  resonance  (EPR), 
electrospray-ionization  mass  spectroscopy  (ESI-MS),  capillary  electrophoresis, 
or  gel  electrophoresis  [7-11].  Analytical  methodology  usually  requires  a  combi¬ 
nation  of  the  above  techniques  in  order  to  provide  a  detailed  account  of  the  exact 
identity  and  composition  of  the  dendrimer  sample.  PAMAM  dendrimers  are 
currently  commercially  available  with  production  occurring  under  good  manu¬ 
facturing  procedures  (GMP)  to  provide  suitable  samples  for  various  biomedical 
and  gene  therapy  applications  [lib].  Atomic  force  microscope  images  of  gener¬ 
ation  9  (G9  EDA)  dendrimers  are  shown  in  Figure  18.2.  Li  et  al.  have  also 
recently  obtained  AFM  images  of  PAMAM  dendrimers  ranging  from  G5  EDA 
to  G10  EDA  [12].  These  studies  clearly  demonstrate  the  shape  and  consistency 
of  these  molecules. 


3  DIMA  DELIVERY  IN  VITRO  WITH  UNMODIFIED  DENDRIMERS 

3 . 7  DENDRIMER/DNA  INTERACTIONS:  CHARACTERIZA  TION 
OF  THE  COMPLEX  FORMATION 

Formation  of  a  complex  between  DNA  and  polycationic  compounds  appears  to 
be  the  initial  and  quite  possibly  a  critical  parameter  for  nonviral  gene  delivery. 
Several  synthetic  vector  systems,  which  are  generally  cationic  in  nature,  includ¬ 
ing  poly(lysines),  cationic  liposomes  or  various  types  of  block  copolymers  and 
recently  dendrimers,  have  been  shown  to  self-assemble  with  plasmid  DNA 
[13-15]  [16].  Specific  physicochemical  properties  manifested  by  these  DNA 
complexes  depend  on  the  type  of  cationic  agent  used;  however,  interesting 
patterns  for  such  interactions  are  beginning  to  evolve  [17,  18].  Under  certain 
conditions,  the  interaction  of  DNA  with  polyvalent  cations  results  in 
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compaction  of  extended  DNA  structures  to  produce  aggregation  and  precipita¬ 
tion  from  the  solution  [19-21],  Similar  to  other  large  polycationic  compounds, 
PAMAM  dendrimers  form  complexes  with  DNA  through  sequence-indepen- 
dent  electrostatic  interactions  between  negatively  charged  phosphate  groups  of 
the  nucleic  acid  components  and  the  cationic  primary  amino  groups  on  the 
dendrimer  surface  (Figure  18.3).  Charge  neutralization  of  both  components  and 
alterations  of  the  net  charge  of  the  complex  lead  to  changes  in  both 
physicochemical  and  biologically  relevant  properties. 

Complex  formation  analysis  and  characterization  as  soluble-insoluble  or 
low-high  density  particles  can  be  performed  by  various  methods  including  UV 
light  absorption,  laser  light  scattering  (LLS)  and  measurements  that  utilize 
radiolabeled  DNA  and/or  dendrimers.  The  actual  binding  affinity  constant  (KJ 
of  DNA  and  dendrimers  are  difficult  to  determine  in  part  because  of  the  tendency 
to  aggregation  and  precipitation  [22],  However,  the  formation  of  high  molecular 
weight  and  high-density  complexes  depends  strongly  on  the  DNA  concentration 
(Figure  18.4).  In  salt-free  water  solutions,  the  precipitate  formation  increases  as 
the  DNA  concentration  rises  from  10  ng/ml  to  1  mg/ml.  At  DNA  concentrations 
of  10  ng/ml.  the  complex  formed  with  various  dendrimer  generations  (i.e.  G5,  G7 
and  G9,  with  both  NH3  and  EDA  cores)  form  soluble,  low  density  aggregates 
that  remain  suspended  in  water.  Complex  formation  is  facilitated  by  increasing 
the  dendrimer  concentration  that  effectively  increases  the  dendrimer-DNA 
charge  ratio  [21]. 

Electrostatic  charge  effects  (attraction  or  repulsion  of  charged  molecules) 
appear  to  be  modulated  by  the  dendrimer  generation  (size  of  the  polymer). 
Figure  18.5  illustrates  that,  although  generally  parallel,  the  precipitation  curves 
shift  as  a  result  of  the  size  (i.e.  generation)  of  the  dendrimer.  Complexing  of  the 
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smaller  G5  and  G7  EDA  dendrimers  with  DNA  leads  to  highly  aggregated  forms 
of  the  complex  at  lower  charge  ratios  than  with  larger.  G9  EDA  dendrimers  [21]. 
This  suggests  that  a  purely  electrostatic  effect  is  modulated  by  the  size  and 
molecular  weight  of  the  dendrimer.  PAMAM  dendrimers  readily  form  com¬ 
plexes  with  various  forms  of  nucleic  acids  including  single  stranded  oligonucleot¬ 
ides,  circular  plasmid  DNA,  linear  RNA  and  various  sizes  of  linear  double 
stranded  DNA.  The  larger  the  nucleic  acid  molecule,  the  lower  the  dendrimer 
concentration  that  is  required  to  generate  high-density  complexes.  With  pro¬ 
gressive  increases  in  the  dendrimer-DNA  charge  ratio  (  >  20),  an  increase  in  the 
quantity  of  low-density,  soluble  complexes  is  observed.  Functional  analysis 
revealed  that  the  majority  (  >  90%)  of  transfection  is  carried  by  low-density, 
soluble,  subpopulations  of  complexes,  which  may  represent  approximately 
10-30%  of  the  total  complexed  DNA  (Figure  18.6). 

The  continuous  distribution  of  the  radioactively  labeled  dendrimer-DNA 
complexes  in  glycerol  density  gradients  indicates  the  heterogeneous  nature  of  the 
complex  population.  The  size  evaluation  of  dendrimer-DNA  complexes  (in 
water)  using  dynamic  LLS,  further  reveals  the  polydispersed  nature  of  particles 
with  hydrodynamic  diameters  ranging  from  30-100  nm  to  20-200  fim  depending 
on  DNA  concentration,  size  of  dendrimer  and  charge  ratio  between  each  poly¬ 
meric  component.  Complexes  formed  at  very  low  DNA  concentrations  (e.g.  1-10 
ng/ml)  are  usually  smaller  and  more  uniform  than  particles  generated  at  high 
DNA  concentrations.  Complex  formation  at  higher  DNA  concentrations  results 
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in  the  nonuniform  distributions  of  larger,  high-density  aggregates  and  precipi¬ 
tates. 

3.2  MECHANISM  OF  DENDRIMER-MEDIA TED  CELL  ENTRY 

Studies  that  focus  on  the  cell  entry  mechanisms  for  several  nonviral  vectors, 
including  liposomes,  lipospermines,  poly(ethylenimine)  and  PAMAM  de- 
ndrimers  have  been  previously  reported  [23-27].  Figure  18.7  shows  a  proposed 
dendrimer-DNA  complex  pathway  into  cells  with  subsequent  processing  [28, 
29].  The  cationic  surface  charge  imparted  to  the  complex  through  high  den¬ 
drimer-DNA  charge  ratios  (e.g.  5-20)  is  required  for  subsequent  interaction 
with  the  anionic  glycoproteins  and  phospholipids  that  reside  on  the  cell  mem¬ 
brane  surface.  This  interaction  initiates  the  interior  movement  of  the  den¬ 
drimer-DNA  complex  into  the  cell  cytosol,  either  by  passive  transport  through 
membrane  or  by  endocytosis  [30].  Complexes  formed  without  an  excess 
cationic  surface  charge  do  not  mediate  high  gene  transfection  efficiency,  which 
furnishes  support  for  the  importance  of  the  initial  electrostatic  interaction  be¬ 
tween  the  complex  and  cell  membrane.  Studies  following  the  incorporation  of 
radiolabeled  DNA  and/or  dendrimer  components  into  cells  established  that  the 
uptake  in  most  cells  was  primarily  via  an  active  endocytosis  mechanism  [31]. 
Cells  preincubated  with  inhibitors  of  endocytosis  (i.e.  cytochalasin  B  and 
deoxyglucose)  or  cellular  metabolism  (i.e.  sodium  azide)  reduced  the  uptake  that 
corresponded  to  lower  transgene  expression,  regardless  of  cell  type.  After  being 
entrapped  within  the  endosome,  complex  release  into  the  cytosol  is  essential 
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before  acidic  or  enzymatic  DNA  degradation  within  the  endosomal/lysosomal 
compartment  takes  place.  The  enhanced  dendrimer-mediated  transfection  can 
be  obtained  in  several  cell  types  using  chloroquine,  an  inhibitor  of  endosomal 
acidification. 

It  has  been  postulated  that  branched  cationic  polymers  have  a  high  buffer 
capacity  owing  to  the  basic  amine  groups  [25.  32].  This  characteristic  enables 
dendrimers  to  act  as  a  weak  base  and  retard  degradation  caused  by  acidifica¬ 
tion  within  the  endosome-lysosome.  A  reduction  in  pH  might  also  lead  to 
polymeric  swelling  within  the  endosome,  thus  disrupting  the  membrane  barrier 
of  the  organelle  and  promoting  DNA  and/or  complex  release  [23,  25].  After 
discharge  from  the  endosome,  DNA  must  penetrate  the  nuclear  membrane  for 
transcription  and  subsequent  expression  to  occur.  Translocation  into  the  nu¬ 
cleus  does  occur  within  30  min  post-transfection,  but  the  exact  molecular  and 
cellular  mechanisms  that  mediate  these  events  are  unclear  at  this  time,  and  are 
probably  different  for  each  cell  type  [33].  Recent  studies  tracing  the  movement 
of  poly(ethylenimine)  (PEI)-DNA  complexes  within  cells  indicated  that  com¬ 
plete  separation  of  the  polymer-DNA  complex  was  not  necessary  for  DNA 
entry  into  the  nucleus  [34],  Therefore,  it  might  be  possible  that  PAMAM 
dendrimers  are  also  associated  with  DNA  as  it  crosses  into  the  nuclear 
compartment. 


3.3  PLASMID  DNA  DELIVERY 

The  ability  of  PAMAM  dendrimers  to  associate  electrostatically  with  polyan¬ 
ionic  DNA  imparts  a  unique  property  to  these  polymers  that  enables  them  to 
be  used  as  a  synthetic  vector  for  delivery  of  genes.  Other  cationic  vectors  such 
as  poly(lysine),  PEI,  liposomes  and  block  copolymers  can  also  interact  with 
plasmid  DNA,  resulting  in  successful  gene  transfer  in  vitro  [13,  35-37],  Initially 
Haensler  and  Szoka  performed  studies  to  investigate  the  application  of 
PAMAM  den-drimers  as  nonviral  vectors  for  in  vitro  gene  transfer  [32],  Their 
results  demonstrated  that  complexes  consisting  of  G5  PAMAM  dendrimer  and 
expression  plasmid  DNA  had  enhanced  transfection  efficiency  over  naked  plas¬ 
mid  DNA  in  many  cells,  particularly  cell  lines  derived  from  monkey  and  human 
neoplasms  [32].  Further  work  from  these  investigators  revealed  that  the  trans¬ 
fection  observed  in  their  experiments  was  improved  by  thermally  degraded 
dendrimers  [23].  Thermally  degraded  dendrimers  appear  to  be  polydispersed  in 
size  and  structure  enhance  transfection  efficiency  when  compared  with  the 
intact  G5  dendrimer.  The  enhanced  transfection  activity  of  the  degraded  poly¬ 
mer  was  attributed  to  increased  flexibility  of  the  structure.  However,  the  exact 
structural  changes  that  account  for  this  have  not  been  identified.  Independent 
studies  by  Baker  and  co-workers  documented  the  efficiency  of  intact 
dendrimers  as  synthetic  vectors  for  the  delivery  of  genetic  material  into  cells 
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[31, 38].  They  used  different  generations  of  intact  dendrimers  to  transfect  plas¬ 
mid  DNA  in  a  variety  of  cells  (Table  18.2)  using  luciferase,  CAT  (chloram¬ 
phenicol  acetyltransferase)  and  j?-galactosidase  reporter  genes  to  quantify  trans¬ 
fection  efficiency. 

In  contrast  to  the  results  obtained  with  degraded  PAMAM  dendrimers,  only 
intact  dendrimers  of  G5  mediated  significant  transfection,  and  this  required  the 
addition  of  a  dispersing  agent  such  as  (diethylamino)ethyl  (DEAE)  dextran 
[31].  In  a  number  of  cells  analyzed,  typified  by  the  rat  embryonal  fibroblast  cell 
line  Rat  2,  an  exponential  rise  in  transfection  efficiency  was  observed  using 
G5-G10  of  either  NH3  or  EDA  core  dendrimers  [31].  High  transfection  levels 
of  the  luciferase  reporter  gene  were  obtained  in  non-adherent  cells  of  lymphoid 
lineage  (i.e.  Jurkat  and  U937)  and  adherent  cells  (COS-1  and  Rat  2).  Expression 
levels  of  luciferase  in  Jurkat  and  U937  cells  was  one  to  two  orders  of  magnitude 
greater  than  those  obtained  in  experiments  using  the  commercial  lipid  prepara- 


Table  18.2  Cell  lines  transfected  with  PAMAM  dendrimers 


Cell  line 

Cell  type 

Rat  2 

Rat  embryonal  fibroblast 

Clone  9 

Rat  liver  epithelium 

rat  Clone  B 

Rat  mesothelium 

YB2 

Rat  myeloma,  nonsecreting 

NRK52E 

Rat  kidney  epithelial-like 

NIH3T3 

Mouse  embryonal 

10' 

Mouse  embryonal,  3T3-like,  p53  deficient 

EL4 

Mouse  lymphoma 

D5 

Mouse  melanoma 

Cosl 

Monkey  kidney  fibroblast 

Cos7 

Monkey  kidney  fibroblast 

CHO 

Chinese  hamster  ovary 

HMEC-l 

Human  microvascular  endothelium 

MSU1.2 

Human  fibroblast 

NHFF3 

Normal  human  foreskin  fibroblast 

QS 

Human  synoviocyte 

HepG2 

Human  liver  hepatoblastoma 

Jurkat 

Human  T  cell  leukemia 

JR 

Human  T  cell  leukemia 

SW  480 

Human  colon  adenocarcinoma 

COLO  320  DM 

Human  colon  adenocarcinoma 

SW  837 

Human  rectum  adenocarcinoma 

YPE 

Porcine  vascular  endothelial 

BHK-21 

Hamster  kidney  fibroblast-like 

NHBE 

Normal  human  bronchial  epithelium 

SAEC 

Small  airway  epithelium 

CCD-37Lu 

Human  normal  lung  fibroblast 

A549 

Human  lung  carcinoma  epithelial-like 
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tions,  Lipofectamine  and  DMRIE-C  (l,2-dimyristyloxy-3-dimethylhydroxy 
ethyl  ammonium  bromde  formulated  with  cholesterol)  [33].  Typically,  non- 
viral  vectors  do  not  mediate  high  levels  of  expression  in  primary  cell  lines. 
PAMAM  dendrimers  are  highly  efficient  in  transfecting  a  wide  array  of  pri¬ 
mary  cells  of  various  origins  including  human  fibroblasts  (HF1)  and  human 
lung  epithelial  cells  [31],  Each  cell  line  reacts  differently  to  transfection  with 
this  agent,  owing  to  subtle  changes  in  physiological  makeup,  so  the  dendrimer 
generation  that  is  optimal  for  each  particular  cell  line  must  be  determined 
experimentally. 

The  addition  of  other  agents  to  the  DNA-dendrimer  complex  can  markedly 
alter  transfection.  For  example,  chloroquine  or  cationic  DEAE  dextran  added  to 
dendrimer-DNA  complexes  significantly  increase  transgene  expression  in  a 
number  of  cell  lines  [31].  DEAE  dextran  alters  the  dendrimer-DNA  complex  by 
dispersing  the  complex  aggregates  [31].  However,  it  is  cytotoxic  and  might 
prevent  stable  gene  integration. 


3.4  STABLE  TRANSFORMED  CELL  LINES 

One  of  the  most  important  goals  of  gene  therapy  is  the  transfer  of  genetic 
material  that  is  permanently  integrated  and  expressed  in  cells.  A  large  percentage 
of  cells  must  be  transfected  for  a  few  to  retain  stable  gene  integration.  This  is 
owing  to  the  low  efficiency  of  DNA  integration  that  is  observed  with  nonviral 
vector  systems  (as  compared  with  retroviruses).  To  overcome  these  problems,  ex 
vivo  approaches  have  been  used,  in  which  a  small  quantity  of  tissue  is  removed 
from  the  patient  and  the  cells  within  that  tissue  are  placed  into  culture.  After 
clonal  expansion  of  the  cells,  transfection  of  the  desired  gene  is  performed  in  vitro. 
The  genetically  modified  cells  are  then  returned  to  the  patient  by  transplantation 
or  implantation  to  obtain  a  limited  number  of  stable  clones  expressing  the  gene 
[39, 40].  Transfections  with  calcium  phosphate-DNA  precipitates,  DEAE-dex- 
tran-DNA,  or  dendrimer-DNA  complexes  with  expression  plasmids  carrying 
both  /?-galactosidase  and  neomycin  resistance  genes  were  performed  on  D5 
mouse  melanoma  cells  [41].  Dendrimer-DNA  complexes  produced  approxi¬ 
mately  90-fold  more  neomycin-resistant  stable  clones  than  other  complexes, 
including  calcium  phosphate  precipitation  and  DEAE  dextran  [41].  It  was 
demonstrated  that  up  to  one-third  of  the  neomycin  resistant  colonies  produced 
jS-galactosidase  activity.  This  indicates  that  a  nonselected  gene  was  integrated 
into  the  cellular  genomic  DNA  and  expressed.  It  also  suggested  that  if  cells  are 
transfected  with  dendrimer-DNA  complexes  in  vivo ,  the  transfected  DNA  will 
integrate  into  the  host  chromosome  and  be  permanently  expressed  [41]. 
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3.5  OLIGONUCLEOTIDE  DELIVERY 

Antisense  oligonucleotides  are  short,  gene-specific  sequences  of  nucleic  acids, 
typically  15-25  bases  in  length.  These  molecules  are  designed  to  interact  with 
complementary  sequences  on  a  targeted  mRNA  and,  in  principle,  prevent  the 
message  from  being  translated  into  a  protein.  Protein  synthesis  is  inhibited  by 
initiating  enzymatic  degradation  of  the  mRNA  by  RNAse  H  or  by  interfering 
with  ribosomal  reading  of  the  message  to  form  the  encoded  protein  [42].  There 
are  approximately  10  different  phosphorothioate  oligonucleotides  that  are  pres¬ 
ently  being  tested  in  human  clinical  trials  [42].  Additional  experiments  have  also 
demonstrated  that  some  antisense  oligonucleotides  can  inhibit  gene  expression 
selectively  [43].  The  biological  effect  of  an  oligonucleotide  will  ultimately  corre¬ 
spond  to  its  intracellular  concentration  and  the  rate  of  degradation.  One  of  the 
primary  difficulties  associated  with  the  delivery  of  antisense  nucleic  acids  is 
obtaining  a  sufficient  intracellular  concentration.  The  second  problem  is  preven¬ 
ting  its  rapid  degradation  by  cellular  endo-  and  exonucleases.  Methods  such  as 
enhancing  the  chemical  stability  through  modifications  of  the  phosphodiester 
bond  attempt  to  increase  the  half-life  of  the  oligonucleotide  [44].  Other  tech¬ 
niques  aim  to  increase  cellular  uptake,  including  the  use  of  high  initial  concentra¬ 
tions,  use  of  cationic  lipids  as  carriers  and  microinjection  [44-46],  However, 
these  methods  have  encountered  various  problems  associated  with  their  use  in 
vivo.  Therefore,  more  efficient  delivery  systems  are  needed  to  achieve  successful 
applications  of  antisense  technology. 

Recent  studies  by  Bielinska  et  al.  have  shown  that  PAMAM  dendrimers  can 
be  complexed  to  antisense  oligonucleotides  or  plasmid  expression  vectors  coding 
antisense  mRNA,  to  inhibit  specific  reporter  luciferase  gene  expression  by  30% 
to  60%  (Figure  18.8)  [38].  These  results  were  obtained  in  several  stable  cell 
clones  that  demonstrated  long-term  luciferase  expression  of  cDNA  from  mouse 
melanoma  (D5)  and  rat  embryonal  fibroblast  (Rat  2)  cells.  The  wide  variety  of 
inhibition  depends  on  DNA  concentration,  charge  ratios  of  the  dendrimer-DNA 
complex  and  generation  of  dendrimer  used  in  the  particular  study.  Specific 
inhibition  of  gene  expression  is  obtained  in  picomolar  concentrations  with 
dendrimer  delivery.  When  Bielinska  et  al.  attempted  to  use  Lipofectamine  (Life 
Technologies,  Gaithersburg,  MD,  USA)  a  commercial  liposome  preparation, 
consistent  results  were  not  obtained  because  of  cytotoxicity.  Dendrimers  were 
not  cytotoxic  at  the  concentrations  required  for  gene  delivery  [38].  Oligonuc¬ 
leotide  stability  is  required  for  successful  inhibition  of  gene  expression  through 
antisense  application.  Exposure  of  ‘naked’  oligonucleotide  leads  to  its  rapid 
degradation  in  serum  and  endosomes,  or  by  cellular  enzymes.  An  increase  in 
phosphodiester  oligonucleotide  stability  occurs  when  such  oligonucleotides  are 
complexed  with  dendrimers  [38],  A  later  study  was  performed  evaluating 
PAMAM  dendrimers  as  an  adjuvant  to  enhance  the  delivery  of  antisense  phos¬ 
phorothioate  deoxyoligonucleotides  (PODN)  directed  against  chloramphenicol 
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acetyltransferase  (CAT)  in  Chinese  hamster  ovary  (CHO)  cells  [47],  The  level  of 
antisense  inhibition  could  be  modulated  as  a  function  of  DNA  concentration, 
and  by  generation  of  dendrimer  and  dendrimer-DNA  charge  ratio.  The  use  of 
G5  dendrimers  resulted  in  a  35-40%  reduction  in  CAT  expression.  G3  (EDA 
core)  dendrimers  also  enhanced  PODN  uptake  50-fold  in  human  astrocytoma 
cells  (U251)  and  improved  delivery  to  the  nucleus  [48].  Other  transfection 
studies  achieved  targeted  gene  expression  inhibition  in  nano-  to  micromolar 
oligonucleotide  concentrations  [49—51].  Thus  the  complexation  of  oligonucleot¬ 
ides  with  dendrimers  might  enable  DNA  delivery  in  a  manner  that  could  lead  to 
in  vivo  uses  for  a  variety  of  regulatory  nucleic  acid  applications. 


3.6  ENHANCEMENT  OF  IN  VITRO  GENE  DELIVERY 

The  major  limitation  of  nonviral-based  gene  delivery  is  low  transfection  effi¬ 
ciency  when  compared  with  viral  vectors.  Various  techniques  have  been  develop¬ 
ed  in  an  attempt  to  increase  the  quantity  of  therapeutic  genes  delivered  intracel- 
lularly,  including  mechanical  enhancements  such  as  electroporation,  the  gene 
gun  and  membrane  permeability  enhancers  [52-59],  It  has  been  demonstrated 
that  pulmonary  surfactants  increase  in  vitro  adenoviral-mediated  gene  transfer, 
but  have  the  reverse  effect  when  used  in  conjunction  with  cationic  liposomes  [58, 
60],  Recently,  Exosurf  Neonatal®  (GlaxoWellcome,  Research  Triangle  Park, 
NC,  USA)  a  commercialized  pulmonary  surfactant  preparation  used  for  treat¬ 
ment  of  neonatal  respiratory  distress  syndrome,  was  investigated  for  enhance- 
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ment  of  dendrimer-mediated  transgene  expression  in  vitro  [61].  Exosurf 
Neonatal®  is  a  mixture  of  three  components:  dipalitoylphosphatidylcholine 
(DPPC),  tyloxapol  and  cetyl  alcohol. 

Studies  with  Exosurf  Neonatal®  have  demonstrated  a  significant  enhance¬ 
ment  in  luciferase  reporter  gene  expression  in  a  variety  of  cells,  including  primary 
cells  of  different  origins  [61].  Primary  human  lung  epithelial  (NHBE)  and 
porcine  vascular  endothelial  (YPE)  cells  showed  the  highest  enhancement  with  a 
41.4-  and  25.3-fold  increase  in  luciferase  expression,  respectively,  over  the  control 
[61].  Exosurf  Neonatal®  also  significantly  enhanced  luciferase  expression  in  a 
nonadherent  lymphoid  Jurkat  ceil  line  by  11.5-fold  over  control  [61].  Jurkat 
cells  are  historically  difficult  to  transfect  by  nonviral  transfection  techniques.  It 
was  determined  that  tyloxapol  a  formaldehyde  polymer  of  a  polyoxyethylene 
condensate  of  p-(l,l,3,3-tetramethylbutyl)phenol,  was  the  sole  component  induc¬ 
ing  the  den-drimer-mediated  expression  enhancement  [61-63].  Tyloxapol  is  also 
classified  as  a  nonionic  surfactant.  Substitution  of  Exosurf  Neonatal®  with 
tyloxapol  in  transfection  experiments  produced  comparable  transfection  enhan¬ 
cement,  while  DPPC  and  cetyl  alcohol  alone  had  no  effect  [61].  Tyloxapol  did 
not  induce  significant  toxicity  at  concentrations  required  for  enhanced  transgene 
expression  (0.25-0.50  mg/ml)  [61]. 

Surfactants  are  commonly  used  as  absorption  enhancers  and  typically  act  by 
destabilizing  the  cell  membrane  [64-67].  Initial  studies  seeking  the  mechan- 
ism(s)  of  tyloxapol-mediated  enhancement  have  been  performed,  but  the  mech¬ 
anism  has  not  been  completely  defined  ( J.  D.  Eichman,  unpublished).  Membrane 
permeability  studies  measuring  intracellular  enzyme  release  (i.e.  lactate  dehyd¬ 
rogenase;  LDH)  and  fluorescent  marker  leakage  (i.e.  fluorescein  diacetate)  and 
uptake  (i.e.  propidium  iodide)  indicated  in  part  an  enhancement  of  permeability 
[61].  Preincubation  of  cells  with  tyloxapol  with  subsequent  washing  prior 
to  transfections  was  shown  to  elevate  transgene  expression  (A.  U.  Bielinska, 
unpublished).  This  indicates  that  tyloxapol  might  temporarily  activate  certain 
cell  membrane  properties,  which  promote  DNA  uptake  even  after  surfactant 
removal  [61]. 


4  DIMA  DELIVERY  IN  VIVO 

Many  human  diseases,  including  cancer  and  inherited  illness  such  as  cystic 
fibrosis  are  caused  by  genetic  disorders.  The  progress  in  biotechnology,  such  as 
being  able  to  synthesize  DNA  constructs  containing  genes  of  interest,  has 
effected  dramatic  changes  in  therapeutic  agents.  Recent  advances  in  molecular 
biology  leads  to  greater  understanding  of  the  molecular  genetic  basis  for  human 
diseases,  as  well  as  the  promise  for  the  development  of  novel  treatment  through 
gene  therapy  [68].  The  feasibility  of  using  gene  therapy  to  correct  human  genetic 
disorders  has  led  to  a  flurry  of  excitement  in  both  the  scientific  community  and 
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biotechnology  industry  [68,  69].  However,  a  major  obstacle  for  successful  in  vivo 
gene  therapy  has  been  the  absence  of  suitable  DNA  delivery  vectors  [70].  The 
therapeutic  application  of  genes  requires  non-toxic,  cost  effective  methods  for 
gene  delivery  that  are  safe,  non-immunogenic  and  provide  producible  levels  of 
the  gene  products  [71],  Viral  vectors  such  as  adenovirus  are  highly  efficient  for 
gene  transfer  and  have  been  used  for  various  clinical  trials  such  as  cystic  fibrosis 
[72, 73].  However,  a  number  of  problems  with  the  adenoviral  vector  have  limited 
its  use.  The  major  drawback  is  immunogenicity  associated  with  the  adenovirus 
ffiat  may  have  played  an  important  role  in  the  recent  death  of  a  patient  enrolled 
in  a  gene  therapy  clinical  trial.  Owing  to  the  potential  limitations  of  viral  vectors, 
non-viral  in  vivo  strategies  that  employ  plasmid  DNA  encoding  a  target  gene  are 
seen  to  be  a  promising  alternative.  Cationic  lipids  have  been  used  in  gene  delivery 
to  the  lung.  However,  an  inflammatory  response  to  the  lipid  limits  its  use  [74], 
PAMAM  dendrimers  have  recently  been  tested  as  a  synthetic  vector  system  for 
gene  therapy  to  the  lung  [75]. 

Polyfamidoamine)  (PAMAM)  dendrimers,  as  well  as  other  families  of  den¬ 
drimers  are  finding  utility  in  a  wide  variety  of  uses,  from  particle  size  standards  to 
a  number  of  biological  applications  [5],  In  order  for  PAMAM  dendrimers  to  be 
useful  for  in  vivo  applications,  studies  establishing  various  parameters  such  as 
pharmacokinetics  and  biocompatibility  are  necessary.  The  criteria  for  choice  of 
carrier  molecules  can  be  summarized  as  follows.  The  carrier  should  be  (1) 
non-toxic,  (2)  non-immunogenic,  (3)  biocompatible,  (4)  have  adequate  functional 
groups  for  chemical  fixation,  (5)  limited  body  accumulation  and  (6)  maintain  the 
original  drug  activity  until  reaching  the  site  of  action. 


4.1  IN  VIVO  TOXICITY 

Evaluation  of  dendrimer  toxicity  was  recently  performed  utilizing  specific  patho¬ 
gen-free.  female  CBA/J  mice.  The  mice  were  injected  intravasculary  (i.v.)  with  G5, 
G7  or  G9  EDA  PAM  AMs  dissolved  in  physiological  saline  at  doses  of  10.  50, 
100,  200,  300,  600  /(g  mice.  Control  animals  received  saline  alone.  The  animals 
were  observed  for  behavioral  abnormalities,  activity  level  and  eating/drinking 
behavior.  Dendrimers  were  injected  every  four  days  up  to  four  times  per  mouse. 
Changes  in  body  weight  over  the  30-day  observation  period  were  recorded  as  a 
measure  of  overall  health.  Groups  of  mice  were  sacrificed  on  days  4, 8, 16, 20  and 
30  after  treatment.  Results  indicated  that  dendrimer  toxicity  is  dependent  on 
both  the  concentration  and  polymer  generation.  High  doses  of  G5  EDA  (200 
/ig/mouse)  and  G7  EDA  (300  ug  mouse)  dendrimers  showed  signs  of  toxicity. 
Tissue  pathology  and  toxicity  studies  with  G9  EDA  dendrimer  i.v.  administra¬ 
tion  up  to  600  /ig/mouse  has  not  indicated  lung  inflammation  and  pneumoni¬ 
tis.  Dendrimers  also  did  not  induce  an  immune  response  when  administered 
alone  or  in  combination  with  adjuvant  [76]. 
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4.2  BIODISTRIBUTION 

Biodistribution  of  G3  and  G4  125I-labelIed  PAMAM  dendrimers  after  adminis¬ 
tration  by  intravenous  (i.v.)  or  intraperitoneal  (i.p.)  routes  accumulated  primarily 
in  the  liver  (60-90%)  with  only  0.1— 1.0%  of  the  recovered  dose  detected  in  the 
blood  after  60  min  in  Wistar  rats  [77],  This  distribution  is  different  from  that 
obtained  with  studies  using  i.v.  delivery  of  generation  3,  5  and  7  on  Swiss- 
Webster  mice.  G3  dendrimers  showed  the  highest  accumulation  in  the  kidney, 
with  G5  and  G7  dendrimers  mainly  localized  in  the  pancreas  [76],  The  differen¬ 
ces  between  the  studies  may  be  attributable  to  the  choice  of  animal  model  and/or 
dendrimer  generation  used.  When  dendrimers  interact  with  DNA  to  form  com¬ 
plexes  of  varying  charge  ratios,  complex  distribution  patterns  would  be  expected 
to  be  entirely  different  from  that  obtained  for  naked  dendrimer  administration. 
This  is  due  to  changes  in  the  size,  density  and  surface  charge  of  the  complex 
compared  to  individual  dendrimer  molecules.  To  date,  the  in  vivo  distribution 
patterns  of  dendrimer/DNA  complexes  have  not  yet  been  established. 


4.3  EXPERIMENTAL  TRIALS 

A  number  of  experimental  in  vivo  gene  therapy  trials  on  animals  using  PAMAM 
dendrimers  are  in  their  preliminary  stages.  Numerous  in  vivo  experiments  are 
currently  being  conducted  in  order  to  optimize  the  dendrimer  generation,  con¬ 
centration,  and  complex  charge  ratio  to  obtain  optimal  transfection  efficiency. 

Complexes  of  dendrimer  and  DNA  have  been  administered  to  the  lungs  of 
mice  and  rats  by  intranasal  delivery.  Preliminary  results  have  indicated  that 
administration  by  this  route  may  not  led  to  optimal  gene  expression  when 
compared  to  ‘naked1  DNA  delivery  [78].  Polymerase  chain  reaction  (PCR) 
confirmed  long-term  plasmid  DNA  survival  when  complexed  with  dendrimer. 
Amplification  was  performed  directly  with  lung  homogenate  and/or  nucleic 
acids  isolated  from  lung  tissue  [33].  Semiquantitative  PCR  of  plasmid  DNA 
removed  from  lung  tissue  showed  up  to  a  103-fold  increase  in  its  survival  when 
complexed  with  dendrimer  than  when  plasmid  DNA  was  administered  alone. 

Recently,  i.v.  delivery  of  dendrimer/DNA  complexes  was  evaluated  on  mice. 
When  delivered  by  i.v.  administration,  the  greatest  amount  of  gene  expression  in 
Balb/C  mice  has  been  obtained  in  the  bronchial  and  alveolar  regions  of  the  lung 
[75].  It  is  also  possible  that  in  vivo  targeted  gene  delivery  using  antibody- 
conjugated  dendrimers  may  eventually  be  achieved.  Antibody-dendrimer  conju¬ 
gates  have  already  been  used  in  tumor  imaging,  diagnostics  and  radioim¬ 
munotherapy  [79,  80]  More  recently,  dendrimers  were  investigated  as  a  method 
to  increase  plasmid  DNA  gene  transfer  in  a  murine  cardiac  transplantation 
model. 
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4.4  GENETIC  APPROACHES  TO  THE  THERAPY 

INFLAMMATORY  AND  FIBROTIC  LUNG  DISEASE 

Pulmonary  diseases  are  present  in  a  heterogeneous  group  of  lung  disorders  of 
known  or  unknown  etiology.  Gene  therapy  has  been  a  useful  tool  against  these 
diseases  for  a  variety  of  reasons.  First,  the  genetic  basis  for  lung  cancer  and 
common  inherited  pulmonary  disease  such  as  cystic  fibrosis  has  been  identified. 
Secondly,  there  are  no  effective  therapies  for  many  lung  diseases,  especially  for 
chronic  inflammatory  lung  diseases  such  as  idiopathic  pulmonary  fibrosis  (IPF). 
IPF  is  a  progressive  disease  resulting  in  respiratory  failure.  Recent  progress  in 
understanding  the  pathogenic  mechanisms  of  lung  fibrosis  has  provided  insights 
into  the  inflammatory  process  underlying  this  disorder.  IPF  is  commonly  char¬ 
acterized  by  inflammation  of  the  alveolar  wall  leading  to  disruption  of  the 
normal  alveolar  architecture  and  interstitial  as  well  as  intra  alveolar  fibrosis.  The 
process  involves  cellular  interactions  via  a  complex  cytokine  network  and 
heightened  collagen  gene  expression  with  abnormal  deposition  in  the  lung. 
Recent  studies  have  identified  a  myriad  of  cytokines  with  potential  roles  in 
pulmonary  fibrosis  (PF)  including  transforming  growth  factor  j8,  (TGF/?,), 
tumor  necrosis  factor  %  (TNF-a),  platelet  derived  growth  factor  (PDGF),  inter¬ 
leukin  5  (IL-5),  and  IL-8.  Of  the  investigations  so  far,  the  TGF/J,  family  has  the 
most  potent  stimulatory  effect  on  extracellular  matrix  deposition.  TGF/Jj  stimu¬ 
lates  fibroblast  procollagen  gene  expression  and  protein  synthesis.  The  murine 
model  of  bleomycin  induced  lung  fibrosis,  increased  TGF/?j  gene  expression  and 
collagen  elevation.  This  information  provides  a  rational  basis  for  developing 
anticytokine  agents.  Furthermore,  recent  studies  have  shown  that  in  vivo  admin¬ 
istration  of  antisense  oligonucleotides  (ONDs)  against  TGF/J,  reduced  malig¬ 
nant  mesthelioma  tumor  growth  in  mice.  Antisense  ODNs  can  block  the  transla¬ 
tion  of  particular  gene  products  within  cells  and  represent  a  unique  method  of 
specifically  inhibiting  the  effects  of  target  proteins  in  the  cells.  The  ability  of  the 
antisense  technique  to  down-regulate  the  expression  of  specific  genes  is  well 
documented  both  in  vitro  and  in  vivo.  In  animal  models,  gene  transfer  was 
achieved  with  a  variety  of  vectors  such  as  lipids,  virus  or  naked  plasmid  DNA.  In 
a  recent  study,  Baker  ot  ol.  investigated  the  ability  of  G9  (EDA  core)  dendrimers 
complexed  with  TGF/J,  ODN  to  inhibit  pulmonary  fibrosis  in  a  well-character¬ 
ized  model  of  bleomycin  induced  pulmonary  fibrosis  utilizing  CBA/J  mice. 
Intravenous  G9  (EDA  core)  d e n d n m e r/T G F /i t  antisense  ODN  complex  admin¬ 
istration  caused  a  significant  reduction  in  lung  fibrosis  as  indicated  by  TGF/^ 
mRNA  suppression  and  inhibition  of  lung  hydroxyproline  contents,  collagen 
synthesis,  cytokine  expression  and  pulmonary  eosinophilia.  Administration  of 
either  TGF/?,  antisense  ODNs  alone  or  sense  oligos  complexed  to  G9  EDA 
dendrimers  did  not  produce  an  equivalent  inhibition  in  pulmonary  fibrosis 
indicators.  These  results  suggest  the  possibility  for  in  vivo  use  of  dendrimer 
vectors  with  antisense  ODNs  to  combat  pulmonary  fibrosis  as  well  as  other 
diseases. 
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5  CONCLUSION 
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PAM  AM  dendrimers  are  a  highly  efficient  non- viral  vector  for  gene  delivery  into 
numerous  cell  lines  in  vitro  and  in  vivo .  Results  obtained  from  in  vitro  studies  do 
not  always  correlate  to  similar  observations  obtained  in  the  in  vivo  experiments. 
The  use  of  dendrimers  for  in  vivo  gene  delivery  is  in  its  initial  stages  with  studies 
primarily  focusing  on  optimizing  localized  transgene  expression.  The  ability  of 
certain  dendrimer  generations  to  transfect  cells  without  inducing  biocompatibil¬ 
ity  issues  or  toxicity  confers  a  significant  advantage  over  other  gene  delivery 
vectors  for  use  in  vivo.  Preliminary  studies  delivering  plasmid  DNA  and  anti- 
sense  oligonucleotides  in  mice  for  gene  therapy  in  cancer,  pulmonary  fibrosis  and 
other  diseases  have  resulted  in  a  positive  outlook  for  the  future  use  of  dendrimers 
as  an  in  vivo  synthetic  gene  delivery  vector. 
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1.  Introduction 

In  recent  years,  StarburstR  PAMAM  dendrimers,  a  class  of  polyamidoamine  polymers  have 
become  an  interesting  alternative  vector  for  non- viral  delivery  of  DNA  in  vitro  and  in  vivo  (1, 

2,  3, 4,  5, 6).  These  nanoscopic  polymers  characterized  by  regular  dendritic  branching,  radial 
symmetry  and  uniform  size  ranging  from  4  to  1  lnm,  have  excellent  water  solubility  and  are 
biocompatible  in  a  broad  range  of  concentrations.  Non-modified  dendrimers  have  a  high 
density  of  positively  charged  primary  amino  groups  on  the  surface,  which  is  essential  for 
their  interaction  with  counter-charged  nucleic  acids.  Positively  charged  dendrimers  bind 
DNA  through  electrostatic  interactions  with  negatively  charged  phosphates  on  the  DNA 
molecule  (1).  The  consistent  and  predictable  formation  of  dendrimer-DNA  complexes 
allows  for  the  design  of  efficient  DNA  transfections  into  variety  of  eukaryotic  cell  lines  and 
primary  cells  in  vitro  (1,  2,  4,  5,  7).  The  positively  charged  dendrimer-DNA  complexes 
facilitate  transfer  of  DNA  into  a  cell  primarily  through  endocytosis.  DNA  in  a  complexed 
form  is  protected  from  nuclease  activity  while  the  majority  of  the  DNA  template  remains 
transcriptionaly  active  (8).  The  well  designed  dendrimer-based  transfection  is  characterized 
by  the  lack  or  minimal  cytotoxicity,  high  transfection  efficiency,  and  stability  of  complexed 
plasmid  DNA  and  oligonucleotides  (8,  9).  PAMAM  dendrimers  can  be  used  for  gene 
delivery  in  vivo  and  ex  vivo  (6, 10, 11, 12).  The  majority  of  chemical  and  structural 
differences  in  PAMAM  dendrimers  relate  to  the  core  molecule,  either  ammonia  (NH3)  as  a 
tri valent  initiator  core  or  ethylenediamine  (EDA)  as  a  tetravalent  initiator  core.  The  core 
starts  the  stepwise  polymerization  process  and  dictates  several  structural  characteristics  of  the 
molecule,  including  the  overall  shape,  density,  and  surface  charge.  With  each  new  layer  or 
generation,  the  diameter  of  molecule  increases  approximately  lnm,  the  molecular  weight  of 
the  dendrimer  more  than  doubles  and  the  number  of  surface  amine  groups  exactly  doubles. 
Such  regularity  of  the  dendrimer  architecture  provides  for  the  convenient  calculations  of 
electrostatic  charge  ratios  between  dendrimers  and  nucleic  acids  for  transfection.  All  types 
of  nucleic  acids  including  plasmid  DNA,  short  single  stranded  and  double  stranded 
oligonucleotides  (ODNs),  as  well  as  RNA  can  be  used  for  transfection  with  dendrimers  in 
vitro  and  in  vivo  (9,  13).  The  quality  of  DNA  preparation  (e.g.  presence  of  low  molecular 
weight  nucleic  acids  and  bacterial  endotoxins)  affects  the  efficiency  of  transfection  and 
cytotoxicity,  especially  gene  transfer  in  vivo  (6). 
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2.  Material 

2.1.  Dendrimers 

A  number  of  dendrimers  are  available  commercially.  Generations  1  -  4  of  StarburstR 
(PAMAM)  dendrimers  are  available  from  The  Sigma-Aldrich  Family  (Milwaukee,  WI). 
Generations  5, 7,  9  of  PAMAM  dendrimers  are  available  from  Dendritech  (Midland,  MI). 
In  the  presented  method  we  have  used  dendrimers  with  ethylenediamine  (EDA)  as  a 
tetravalent  polymerization  initiator  core.  Generations  (G)  5, 7,  and  9  EDA  core  dendrimers 
have  molar  masses  of  28  826, 116  493,  and  467  162  kDa,  respectively.  The  number  of 
surface  charges  (amine  groups)  is  128,  512,  and  2048  for  the  same  dendrimers. 

2.2.  Plasmids 

The  reporter  gene  plasmids  coding  luciferase  (luc),  chloramphenicol  acetyltransferase 
(CAT),  (3-galactosidase  or  green  fluorescence  protein  (GFP)  can  be  purchased  (Promega 

Co.  Madison,  WI;  Invitrogen,  Rockville,  MD;  Clontech,  Palo  Alto,  CA)  or  constructed 
specifically  for  the  project. 

Prepare  plasmid  DNA  by  any  standard  method  (14).  The  preferable  method  for 
purification  used  in  the  dendrimer-based  protocol  is  double  CsCl-gradient  centrifugation 
and  dialysis  into  sterile  TE  buffer  or  water. 

2.3.  Cell  lines  and  cells 

Transfections  of  Rat  2  (rat  embryonal  fibroblast),  NHFF1  (normal  human  forskin 
fibroblast),  COS-1  (monkey  kidney  SV40  transformed  fibroblast-like)  and  Jurkat  (human 
acute  T  cell  leukemia)  cell  lines  are  presented  in  this  protocol. 

For  optimum  results  transfections  should  be  performed  on  actively  dividing  cells, 
preferably  from  cultures  at  the  logarithmic  phase  of  growth. 

2.4.  Cell  culture  medium  and  solutions 

The  cell  culture  media  should  be  used  as  recommended  by  the  supplier  of  cells  or  ATCC. 
Cells  in  the  presented  method  are  maintained  in  appropriate  growth  medium,  primarily 
DMEM  or  RPMI  1640  (Invitrogen)  supplemented  with  10%  FBS  serum  (HyClone,  Logan, 
UT)  and  1%  penicillin-streptomycin  solution  (Invitrogen)  at  37°C  in  5%  CO2. 

Molecular  biology  grade  PBS  buffer  pH  7.4  (Invitrogen,)  is  used  for  cell  washes. 

Luciferin  substrate  and  luciferase  reporter  buffer  is  needed  to  measure  luciferase  gene 
expression  (Promega  Co.).  CAT  protein  expression  is  quantified  using  CAT  ELISA  assay 
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kit  (Roche  Diagnostics  Co.,  Indianapolis,  IN).  The  protein  concentration  of  the  sample  is 
measured  with  BCA  Protein  Assay  Reagent  (Pierce,  Rockford,  IL). 

2.5.  Equipment 

Chemiluminometer  LB96P  is  used  for  measurement  of  light  emission  (EG  &  G/Berthold, 
Gaithersburg,  MD);  For  spectrophotometric  measurements  of  protein  and  ELISA  assays 
SPECTRA  MAX  340  microtiter  plate  reader  is  used  (Molecular  Devices  Corp.,  Sunnyvale, 
CA).  Flow  cytometry  analysis  is  conducted  using  FACScan  Becton-Dickinson  and 
CellQuest  software  (Becton-Dickinson,  San  Jose,  CA).  In  situ  cell  analysis  is  performed 
with  Nikon  fluorescent  microscope  (Eclipse  TE  200). 

3.  Methods 

3. 1.  Preparation  of  plasmid  DNA-dendrimer  complex 

Prepare  dendrimer  and  DNA  complex  based  on  the  calculated  dendrimer  to  DNA  charge 
ratio.  Mix  0.65pg  of  dendrimer  with  1.0  jig  of  DNA  to  obtain  charge  ratio  of  1.  Form 
complexes  at  various  charge  ratios  of  1,  5, 10  and  20  at  room  temperature  for  15  minutes 
before  adding  into  transfection  medium  (see  example  in  Transfection  protocol). 

3.2.  Transfection  protocol 

1 .  Plate  adherent  cells  (e.g.  Rat2,  NHFF 1 ,  COS- 1)12-  24hrs  prior  to  transfection  so  that 
they  are  60  -  70%  confluent  at  the  time  of  DNA  delivery.  Required  cell  density 
depends  on  cell  type  and  size,  growth  rate  and  serum  concentration  in  the  growth 
medium.  Generally,  seeding  at  2  to  4  xlO4  cells/cm2  of  a  plate  surface  is  optimal  for 
transfection  of  the  majority  of  cell  lines.  Inoculate  suspension  cell  line  (e.g.  Jurkat) 
with  5x1 05  to  1 06  cells  1 8  -  24  hrs  prior  to  transfection  from  culture  that  is  in  a  mid- 
logarithmic  phase  of  growth.  Resuspend  106  to  5xl06  cells  in  serum  free  (or  1%  FBS) 
medium  at  the  density  of  l-5xl06/ml  for  transfection. 

2.  If  cells  are  grown  in  medium  containing  >  10%  serum,  wash  the  cells  once  with  PBS  or 
serum-free  medium.  Aspirate  the  medium  or  wash. 

3.  Add  an  appropriate  volume  of  serum  free  medium  on  the  plate  (e.g.  2-3  ml  for  100mm 
plate,  0. 3-0.5  ml/well  of  6-well  plate,  0.2-0. 3  ml/well  of  24- well  plate). 

4.  Prepare  dendrimer/DNA  complex.  For  example,  for  60pl  of  dendrimer/DNA  complex 
at  a  charge  ratio  of  10,  mix  50pl  of  plasmid  DNA  at  0.02pg/pl  (up  to  0.08pg/pl)  with 
lOpl  of  dendrimer  at  0.65  pg/pl  (up  to  2.6  pg/pl),  respectively. 
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5.  Add  an  aliquot  of  dendrimer/DNA  complex  into  the  cells.  For  example,  a  10-25 pi 
volume  of  the  complex  for  transfection  in  24-well  plate,  10-50pl  for  transfection  in  6- 
well  plate.  Generally,  complex  made  in  water  should  not  constitute  more  than  10%  of 
the  total  volume  of  serum-free  transfection  medium. 

a.  Incubate  cells  with  transfection  mixture  for  3  hr  to  6  hr  at  37°C,  5%  CO2. 

b.  Remove  transfection  medium,  wash  once  gently,  with  serum  free  medium  (it  is  not 
necessary  when  low  concentration  of  dendrimer  is  used,  and  no  augmenting  agents  are 
added). 

c.  Add  fresh,  full  growth  medium. 

d.  Incubate  for  the  required  time  (24,  36, 48, 72hr  etc.)  before  harvesting  cells. 

e.  Remove  medium,  wash  twice  with  PBS  and  prepare  cell  lysate  for  assay.  For  example, 
use  50pl  or  100  pi  of  luciferase  reporter  buffer  to  lyse  the  cells  for  5min  in  a  well  of 
24-well  or  6-well  plate,  respectively  or  follow  the  supplier’s  protocol  (Promega,  Roche 
Diagnostics  Co.) 

3.3.  Measurement  of  expression 

a.  Assay  transfected  cells  for  expression  of  introduced  transgene.  Measure  luciferase 
activity  in  a  chemiluminescence  assay.  Incubate  cell  extract  (typically  lOpl)  with  2.35 
x  10*2  pmol  of  luciferin  substrate  injected  automatically  in  50pl  or  lOOpl  volumes. 
Measure  light  emission  in  the  chemiluminometer  for  lOsec  and  adjuste  for  the  protein 
concentration  of  the  sample. 

b.  Measure  the  protein  concentration  of  the  sample  (typically  lOpl)  using  BCA  Protein 
Assay  Reagent.  The  absorbance  of  the  sample  measure  at  562nm  using  a  microtiter 
plate  reader. 

c.  To  quantify  chlormaphenicol  acetyl  transferase  (CAT)  protein  centrifuge  cell  lysate  at 
12,000xg  for  10-15  minutes  at  4°C.  Measure  the  amount  of  CAT  in  10  to  50pl  of  the 
supernatant  in  ELISA  assay.  Measure  the  absorbance  of  the  samples  at  405nm  using  a 
microtiter  plate  reader  and  adjust  for  the  protein  concentration  of  the  samples. 

d.  Analyze  cells  transfected  with  the  plasmid  coding  GFP  gene  using  flow  cytometry 
Wash  harvested  cells  twice  with  PBS  and  fix  in  2%  paraformaldehyde  for  15  minutes 
before  analysis.  Determine  the  green  fluorescence  of  GFP  on  FACScan  from  at  least 
10,000  cells  per  sample  and  analyze  using  CellQuest  software. 
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e.  Assess  the  expression  of  green  fluorescence  protein  (GFP)  in  situ  using  an  inverted 
fluorescent  microscope  at  450-480  nm  excitation  and  515  nm  emission  wavelength. 
Take  photographs  at  20X  magnification. 
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4.  Notes 

Dendrimer-mediated  DNA  transfection  is  a  straightforward  technique  which  can  be  applied 
to  gene  delivery  in  order  to  modify  cellular  genetic  makeup  (i.e.  to  generate  a  stably 
transfected  cell  line),  in  studies  on  regulation  of  gene  expression,  and  due  to  lack  of 
immunogenicity,  for  gene  transfer  in  vivo.  The  reporter  plasmids  are  very  useful  for 
determination  of  the  transfection  conditions  for  the  experimental  cDNA.  They  can  also  be 
used  in  co-transfection  with  the  DNA  of  interest  for  tracing  the  efficiency  and  kinetics  of 
gene  expression. 

1 .  Preparation  of  the  dendrimer/DNA  complex  for  in  vitro  transfection  is  based  on  the 
charge  ratio  of  both  components.  Calculations  use  maximal  theoretical  electrostatic 
charge  present  on  each  component  (1,  15).  For  example,  the  number  of  phosphate 
groups  (i.e.  negative  charges)  in  l.Oqg  of  DNA  equals  1.71  x  1015  and  the  number  of 
positive  charges  of  dendrimer  equals  2.65  x  1015  per  qg.  This  calculation  is 
independent  of  molecular  properties  of  both  components,  including  the  size  and  form 
of  nucleic  acid  or  generation  of  dendrimer.  It  was  determined  that  for  practical  reasons 
dendrimer/DNA  complexes  should  be  formed  in  water  at  appropriate  DNA  and 
dendrimer  concentrations  (see  Transfection  protocol).  For  consistency,  complexes  are 
formed  at  room  temperature  before  adding  into  transfection  medium.  However,  the 
dendrimer/DNA  complex  is  stable  for  a  prolonged  (up  to  few  days)  time  and  can  be 
used  after  remixing  when  precipitation  occurs. 

a.  Figure  1  illustrates  the  effect  of  increasing  the  charge  ratio  on  the  efficiency  of 
transfection.  Most  impressive  improvement  is  obtained  when  a  low  amount  (e.g. 

0.25  qg  per  transfection)  of  DNA  is  used.  With  higher  amounts  of  DNA  at  1  qg  to  5qg 
per  transfection,  the  maximum  efficiency  is  achieved  at  the  relatively  low  charge  ratio 
of  10.  Maximal  gene  expression  can  be  optimized  for  the  amount  of  DNA  available 
for  delivery,  the  amount  of  dendrimer,  and  consequently  dendrimer  to  DNA  charge 
ratio.  Generally,  the  lower  the  amount  of  DNA,  the  higher  dendrimer/DNA  charge 
ratio  (and  vice  versa )  is  required  for  transfection. 

b.  In  addition  to  charge  ratio,  the  DNA  concentration  during  complex  formation 
significantly  affects  efficiency  of  transfection  (Figure  2).  Empirical  data  indicate  that 
complexes  formed  with  DNA  concentrations  ranging  from  20  to  80  qg/ml  are  most 
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efficient.  In  such  conditions,  dendrimer/DNA  complexes  formed  at  a  broad  range  of 
charge  ratios  do  not  tend  to  aggregate  or  precipitate  and  remain  in  suspension.  This 
low  density  complex  mediates  the  majority  of  transfections  in  vitro  (15).  Soluble 
dendrimer  formulations,  obtained  either  in  excess  of  dendrimer  or  DNA,  also  appear  to 
be  more  effective  for  in  vivo  transfection  of  solid  tissues  (6, 12). 

c.  Another  essential  step  in  optimizing  in  vitro  transfection  is  the  choice  of  generation 
(type)  of  dendrimer.  As  shown  on  Figure  3  A,  the  preferred  dendrimer  for  transfection 
of  Rat2  cells  is  generation  9  EDA  core  dendrimer.  Generation  5  EDA  core  dendrimer 
and  to  a  lesser  degree  generation  7  EDA  dendrimer  are  better  for  NHFF-1  cells  (Figure 
3B).  However,  transfection  obtained  with  the  intermediate  G7  EDA  dendrimer 
indicates  that  size  preference  may  not  be  an  absolute  property  of  either  cells  or 
dendrimer  and  can  be  affected  by  other  parameters  of  the  complex  mentioned  above. 

2.  The  design  of  the  transfection-based  experiments  would  not  be  complete  without 
elementary  consideration  of  cellular  biology.  Most  model  systems  employ  cell  lines 
dividing  and  metabolizing  rapidly. 

a.  The  experiment  presented  in  Figure  3  involved  active  cell  cultures.  However,  growth, 
metabolic  rate  and  transcriptional  milieu  were  manipulated  by  varying  the  initial 
density  of  cell  seeding.  Cultures  of  Rat2  and  NHFF1  cells  seeded  at  lxl  04  cells/cm2 
and  5x  104/cm2  cells  had  a  similar  growth  rate  but  very  different  levels  of  transfection. 
At  24  hr  after  transfection,  Rat  2  cells  at  both  densities  express  similar  levels  of 
luciferase,  but  no  enzyme  activity  is  detected  in  NHFF1  cells  in  the  same  conditions. 
Practically,  no  expression  is  achieved  with  either  of  the  cell  types  when  they  are 
transfected  in  near-confluent  densities  (initial  seeding  at  1  xlO  cells/cm  ). 

b.  Cellular  differences  can  also  be  pronounced  in  the  kinetics  of  transgene  expression 
with  a  maximum  level  for  NHFF1  at  approximately  48  hr  and  for  Rat2  at  72  hr  after 
transfection.  The  time  of  harvest  and  analysis  should  be  chosen  depending  on  the  goals 
of  experiment,  since  the  prolonged  presence  of  the  expressed  protein  may  not  only  be  a 
result  of  efficient  transfection  and  transcription,  but  also  reflect  a  difference  of  a 
specific  rate  of  degradation  in  a  particular  cell  type. 
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3.  There  is  no  cell  origin  or  cell  type  limitation  on  the  use  of  dendrimers  for  in  vitro 
transfections.  In  our  extensive  studies  on  the  efficiency  and  mechanism  of  dendrimer- 
mediated  transfection  we  have  transfected  a  broad  variety  of  cells  (1,7). 

a.  The  efficiently  transfected  cell  lines  include  established  CCD-37Lu  (human  normal 
lung  fibroblast);  A549  (human  lung  carcinoma  epithelial-like),  COS-7  (monkey  kidney 
SV40  transformed  fibroblast-like),  Clone9  (rat  normal  liver  epithelium),  BHK-21 
(hamster  kidney  fibroblast-like),  MC7  (human  breast  cancer  line),  B/6  (mouse 
melanoma),  RAW264  (mouse  monocyte  -macrophage),  NIH  3T3  (mouse  embryonal), 
HeLa  (human  cervical  adenocarcinoma  epithelium),  U937  (human  histiocytic 
lymphoma),  MDCK  (dog  normal  kidney  epithelium),  P815  (mouse  mastocytoma). 

b.  The  primary  cell  cultures,  efficiently  transfected  with  dendrimer/DNA  complex, 
include  normal  human  bronchial  epithelium  (NHBE)  and  small  airway  epithelium 
(SAEC)  grown  in  serum-free  SABM/SAGM  (collection  and  medium  from  Clonetics 
Co.,  San  Diego,  CA).  Also,  successful  and  efficient  transfection  was  achieved  in 
primary  cells  from  human  and  mouse  thyrocytes,  normal  human  skin  kerationocytes 
(NHSK)  and  human  mucosal  keratinocytes  (NHMK),  either  isolated  from  patients  or 
from  Clonetics  Co.  collection  (7,  12).  Generally,  the  optimal  conditions  of  cell  culture 
growth  are  similar  for  adherent  and  suspension  cell  lines. 

4.  The  transfection  can  be  carried  out  for  3  to  6  hr.  Further  extension  of  time  does  not 
result  in  an  appreciable  increase  of  transfection  efficiency.  After  removal  of 
transfection  solution,  cells  are  washed  once  in  serum  free  medium.  An  appropriate 
amount  of  fresh  complete  medium  (i.e.  a  5  to  10-fold  volume  of  the  transfection 
medium)  is  added  to  obtain  cultures  of  approximately  1-5  x  105  cells/ml.  The  single 
wash  after  removal  of  transfection  medium  is  not  necessary  if  no  toxicity  was  observed 
during  transfection  or  if  cytotoxic  augmentation  reagents  such  as  chloroquine  (CLQ)  or 
DEAE-dextran  are  not  used.  The  incubation  time  has  to  be  assessed  based  on  the 
results  of  cell  expression  after  24,  36,  and  48  hr  after  transfection. 

a.  As  with  other  polymer-based  systems  the  dendrimer  mediated  transfection  can  be 
augmented  with  chloroquine  and  DEAE-dextran.  A  typical  transfection  experiment 
can  be  performed  in  serum-free  medium,  augmented  with  chloroquine  at  50  pM  final 
concentration  (effective  concentration  varies  from  10  to  lOOpM  depending  on  cell 
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type)  or  augmented  with  DEAE-dextran  at  0.5 pM  final  concentration.  Combination  of 
chloroquine  and  DEAE-dextran  in  transfection  medium  can  be  used  at  50  pM  and  0.5 
pM  final  concentrations,  respectively.  Chloroquine,  a  weak  acidotropic  base, 
neutralizes  the  endosomal  compartment  and  possibly  enables  endosomal  escape  of 
DNA.  We  found  that  chloroquine  alone  does  not  greatly  improve  dendrimer-mediated 
transfection,  but  in  conjunction  with  DEAE-dextran,  the  complex  dispersing  agent,  the 
efficiency  can  be  enhanced  up  to  two  orders  of  magnitude  (Figure  4A).  Unfortunately, 
both  of  these  agents  are  cytotoxic,  requiring  careful  experimental  adjustments,  and 
cannot  be  applied  in  vivo. 

b.  We  have  identified  that  incubation  with  the  non-ionic  surfactant  tyloxapol  results  in  an 
increase  in  transfection  efficiency  in  vitro,  possibly  through  interaction  with  cellular 
membranes  (Figure  4B).  Dendrimer/DNA  complex  can  be  added  to  medium 
containing  tyloxapol  at  0. 1-0.5  mg/ml  final  concentration  or  dendrimer  /DNA  complex 
can  be  mixed  in  the  presence  of  tyloxapol. 

5.  The  dendrimer/DNA  complex  composition  and  architecture  seems  to  be  critical  for  its 
transfection  activity.  The  interaction  of  both  components  is  affected  by  pH  and/or  salt 
concentration.  Data  in  Figure  5  clearly  shows  that  the  initial  condition  of  complex 
formation  has  consequences  on  transfection.  A  high  concentration  of  NaCl  present 
during  complex  formation  at  charge  ratios  of  5  to  10  initially  resulted  in  enhanced 
DNA  expression,  but  this  effect  disappeared  with  an  increase  in  dendrimer 
concentration  (Figure  5A).  We  recommend  lower  than  neutral  pH  of  water  or  very 
diluted  buffer  for  the  formation  of  active  complexes  (Figure  5B).  Our  experience  with 
various  laboratory  sources  of  distilled  and  deionized  water  indicate  that  all  of  them 
produce  H2O  at  pH  5  to  5.5  which  is  suitable  for  preparation  of  dendrimer/DNA 
complexes. 
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Figure  Legends 
Figure  1. 

The  effect  of  DNA  amount  on  dendrimer-mediated  transfection  in  vitro.  An  excess  of 
positive  charge  is  required  for  efficient  transfection.  The  G9  EDA/DNA  complexes  for 
transfection  of  Rat2  embryonic  fibroblasts  were  prepared  with  an  increasing  amount  of 
CMV-luciferase  plasmid  DNA  (pCFl-Luc).  The  efficiency  of  transfection  was  analyzed  at 
a  broad  range  [1  to  100]  of  dendrimer/DNA  charge  ratio.  Luciferase  activity  (RLU)  was 
measured  36  hr  after  transfection  and  normalized  per  microgram  of  protein  in  the  cell 
lysate. 

Figure  2. 

The  effect  of  DNA  concentration  during  complex  formation  and  dendrimer/DNA  charge 
ratio  on  the  efficiency  of  transfection.  Rat2  cells  were  transfected  with  1  pg  of  pCFl-Luc 
complexed  with  G9  EDA  dendrimer.  Complexes  of  equal  amount  of  DNA  and  the  same 
dendrimer/DNA  charge  ratio  differ  in  DNA  concentration  during  complex  formation.  Data 
indicate  that  the  optimal  DNA  concentration  range  from  0.04-0.08  pg/pl  results  in  most 
efficient  transfection. 

Figure  3. 

Optimization  of  the  transfection  conditions  for  Rat2  (panel  A)  and  NHFF1  (panel  B)  cells 
in  vitro.  Note  that  transfection  conditions  and  the  resulting  kinetics  of  the  transgene 
expression  is  cell  specific,  including  dendrimer  requirements,  cell  density  and  growth  rate. 
Transfections  were  performed  with  1  |ig  of  pCFl-Luc  DNA  complexed  with  G5,  G7  and 
G9  EDA  dendrimers  at  the  dendrimer/DNA  charge  ratio  10.  Cells  were  seeded  at  104,  5  x 
104  and  105/cm2  12  hr  before  transfection,  and  incubated  for  24,  48  and  72  hr  after 
transfection.  For  both  cell  lines,  the  highest  luciferase  expression  was  obtained  in  cells 
seeded  at  the  lowest  density. 

Optimal  transfection  in  Rat2  cells  (A)  was  achieved  with  G9  EDA  dendrimer  and  in 
NHFF1  cells  (B)  with  E5  EDA  dendrimer.  Kinetics  of  expression  indicates  that  maximum 
level  of  reporter  protein  production  can  be  most  likely  detected  at  24  to  48  hr  after 
transfection. 

Figure  4. 
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Augmentation  of  the  dendrimer-mediated  transfection  by  the  addition  of  chloroquine 
(CLQ)  and  DEAE-dextran  (panel  A)  and  tyloxapol  (panel  B).  Rat  2  (A)  and  Jurkat  (B) 
cells  were  transfected  with  0.5  pg  of  pCFl-Luc  DNA  complexed  with  G9  EDA  at  charge 
ratio  5  and  10  (A)  and  10  (B).  Luciferase  activity  was  measured  36  hr  after  transfection. 

Figure  5. 

Salt  concentration  and  pH  during  dendrimer/DNA  complex  formation  and  their  effect  on 
transfection  efficiency.  COS-1  cells  were  transfected  with  1  pg  of  pCFl-Luc  DNA 
(0.05pg/pl)  complexed  with  G7  EDA  at  specified  dendrimer/DNA  charge  ratios  1,  5, 10 
and  20  (panel  A).  Complexes  (20  pi)  formed  in  water  or  in  the  presence  of  2  M  NaCl  were 
added  to  400pl  of  medium  (1:20  dilution)  to  avoid  a  hypertonic  effect  of  salt  or  hypotonic 
effect  of  water  on  cell  physiology.  Transfection  efficiency  predictably  increased  with  the 
increasing  charge  ratios  for  the  complexes  formed  in  water.  To  achieve  enhancement  with 
monovalent  salt,  the  condition  would  have  to  be  carefully  adjusted  for  the  specific 
concentrations  of  dendrimer,  DNA  as  well  as  charge  ratio  because  of  the  narrow  functional 
optimum. 

In  panel  B  COS-1  cells  were  transfected  with  G5  EDA/DNA  complex  formed  in  aqueous 
solution  adjusted  to  below  neutral,  neutral  and  alkaline  pH.  Complexes  initially  formed  at 
the  low  pH  are  the  most  efficient  despite  the  fact  that  transfections  are  routinely  performed 
in  standard  growth  media,  buffered  to  neutral  pH. 
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